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INVESTIGATION OF THERMAL HIGH CYCLE AND LOW CYCLE FATIGUE
MECHANISMS OF THICK THERMAL BARRIER COATINGS

Dongming Zhu ¥ and Robert A. Miller
Materias Division
National Aeronautics and Space Administration
Lewis Research Center, Cleveland, OH 44135

ABSTRACT

Thick thermal barrier coating systems in a diesel engine experience severe thermal low
cycle fatigue (LCF) and high cycle fatigue (HCF) during engine operation. In this paper, the
mechanisms of fatigue crack initiation and propagation in a ZrO2-8wt.%Y 203 thermal barrier
coating, under simulated engine therma LCF and HCF conditions, are investigated using a high
power CO2 laser. Experiments showed that the combined LCF/HCF tests induced more severe
coating surface cracking, microspallation and accelerated crack growth, as compared to the pure
LCF test. Lateral crack branching and the ceramic/bond coat interface delaminations were aso
facilitated by HCF thermal loads, even in the absence of severe interfacia oxidation. Fatigue
damages at crack wake surfaces, due to such phenomena as asperity/debris contact induced
cracking and splat pull-out bending during cycling, were observed especialy for the combined
LCF/HCEF tests. It is found that the failure associated with LCF is closely related to coating
sintering and creep at high temperatures, which induce tensile stresses in the coating after cooling.
The failure associated with HCF process, however, is mainly associated with a surface wedging
mechanism. The interaction between the LCF, HCF and ceramic coating creep, and the relative
importance of LCF and HCF in crack propagation are also discussed based on the experimental
evidence.

INTRODUCTION

Ceramic therma barrier coatings have received increasing attention for advanced gas
turbine and diesal engine applications. The advantages of using ceramic coatings include a
potential increase in efficiency and power density and a decrease in maintenance cost. Zirconia
based ceramics are the most important coating materials for such applications because of their
low thermal conductivity, relatively high thermal expansivity and excellent mechanical properties.

T National Research Council—NASA Research Associate at Lewis Research Center.
Keywords: Thermal High Cycle and Low Cycle Fatigue, Ceramic Sintering and Creep, Fatigue
M echanisms
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However, durability of thick thermal barrier coatings under severe temperature cycling conditions
remains amajor question. It is known that two types of thermal fatigue transients exist in a diesel
engine (-8 The first type of transient, which is associated with the start/stop and no-load/full-
load engine cycle, generates thermal low cycle fatigue (LCF) in the coating system. The second
transient type, which is associated with the in-cylinder combustion process, generates a thermal
high cycle fatigue (HCF) with typical frequency on the order of 10 Hz (i.e., 1000-2600 RPM).
The HCF transent can induce a temperature fluctuation of more than 200°C that will
superimpose onto the steady-state engine temperature at the coating surfacd® 3 . Therefore, the
failure mechanisms of the thick thermal barrier coatings are expected to be different from the thin
coatings under these temperature transients. The coating failure is related not only to coating
thermal expansion mismatch and oxidation of the bond coats and substrates [+€] | put also to the
steep thermal stress gradients induced in the coating systems [ 4 1% Although it has been
reported [ ™ that stresses generated by thermal transients can initiate surface and interface
cracks in a coating system, the detailed mechanisms of the crack propagation and of coating
failure under the complex LCF and HCF conditions are till not understood. In this paper, the
thermal fatigue behavior of an yttria partialy stabilized zirconia coating system under simulated
thermal LCF and HCF engine conditions is investigated. The interaction between LCF and HCF
cycles, and the impact of relative amplitudes of the LCF and HCF transients on the coating
fatigue crack initiation and propagation are also discussed based on the experimental results and
observations.

EXPERIMENTAL MATERIALS AND METHODS

A two layer therma barrier coating system, consisting of a ZrO»,-8wt.%Y ;O3 ceramic
coating and an intermediate Fe-25Cr-5A1-0.5Y bond coat, was plasma-sprayed onto steel angle
iron (203x side width 25 x wall thickness 4 mm) and rectangular bar (127 x32x12.7mm)
substrates. The angle iron and rectangular substrate configurations were especialy chosen to
study the effect of specimen geometries such as corners, edges and flat surfaces on cracking
patterns of the thermal barrier coating after thermal fatigue testing. The plasma spray conditions
have been reported elsewhere [ as summarized in Table 1. The thicknesses of the ceramic
coating and the bond coat were about 1.6 mm and 0.28 mm, respectively. Therma LCF and
HCF tests were conducted using a 1.5 KW high power CO, laser, as described previously 1% 13
. The CO,, laser is especially suited for testing ZrO,-based thermal barrier coatings because it can
deliver awell-characterized and well-controlled heat energy to the surface of the ceramic coating.
Since zirconia is opaque a the 10.6 um wavelength of laser beam 4 the light energy is
absorbed by the coating surface rather than penetrating into the coating. In order to produce a
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lower power density suitable for ssmulating diesel engine conditions, and also to cover a larger
test specimen area, a Plano Concave ZeSe lens with focal length -330 mm was used to expand
the laser beam to 32 mm in diameter. The laser test rig was controlled by a PC programmed to
generate various LCF heating and cooling cycles. Backside air cooling was used to maintain
desired temperature gradients across the coating system. Coating surface and backside metal
temperatures were measured by a specia 8 um infrared pyrometer and a type-R thermocouple,
respectively. In laser LCF and HCF tests, the ceramic surface temperatures were set at 850°C and
950°C, respectively, and the backside metal temperature were at 250°C. The pure LCF cycles
were generated by the continuous wave (CW) laser mode, and the HCF combustion cycles were
simulated using the pulsed laser mode, as shown in Fig. 1. The LCF cycles, in either the pure
L CF test or the combined L CF and HCF tests, were 5 minute or 30 minute heating cycles with a
total heating time of 256 hours. Because the high energy laser pulse was used, an HCF
component was inherently superimposed on the L CF cycles in the combined L CF and HCF tests.
The laser pulse period and pulse width were fixed at 92 and 6 milliseconds (ms) respectively. The
crack lengths were measured after the tests. The effect of pure HCF component on crack
propagation was also investigated by alaser thermal shock test that has been described previously
[10. 13 |1 this pure HCF test, the laser power was set a either 1600 or 900 W, and the laser
pulse heating time was set a 100 ms. The pure HCF conditions generated maximum surface
temperature swings of about 750°C and 420°C. The sufficient cooling time allowed the specimen
substrate temperature to remain cool throughout the testing. The crack lengths in the ceramic
coating were also measured periodicaly up to 5000 cycles. The LCF and HCF tested coating
surfaces and cross-sections were examined under both optical and scanning electron microscopes
to obtain information on crack density and depth.

Table 1 Plasma spray parameters for ZrO,-8wt%Y »O3 top coat and FeCrAlY bond coat

Coatings Torch Plasma Carrier Spray Feed Torch Air Substrate
materials power gasflow | gasflow |distance| rate |[translatio | cooling | temperature
rate n rate | condition
KW Standard | Standard mm g/min. mm/s Psi °C
liter/min. | liter/min.
FeCrAlY 35 Ar: 56.6 Ar: 83 127 68 1300 50 250
PRAX-AIR (9mB Ny: 9.4
FE213 plasma
44-74 pm torch, GH
nozzle)
ZrO2-8%Y 203 40 Ar: 14.2 Ar: 3.2 101.6 20 1000 50 250
ZIRCOA (9mB N2: 7.1
9507/46 plasma
44-74 ym torch, GH
nozzle)
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Fig.1 High power laser smulated the pure LCF and combined LCF/HCF cycles in thermal
barrier coating systems. (a) Schematic diagram showing LCF and superimposed LCF
and HCF cycles; (b) and (c) Experimental measured temperature—time profiles during
5 minute heating/3 minute cooling LCF, and combined LCF/HCF tests, respectively.
Note that in the HCF superimposed casein (c), the pyrometer response time is not fast
enough to show the actual temperature response at the ceramic surface.
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When pulsed laser heating is used, a severe thermal transient will be induced even in the
absence of LCF cycling. This temperature fluctuation under the HCF conditions was modeled
using a finite difference approach [12. 13 The modeled results indicate that the HCF transient
occurs only a the surface of the ceramic coating. This layer may be defined as the HCF
interaction depth at which appreciable temperature fluctuation (greater than about 10% the surface
temperature swing) will occur. The temperature swing, generated by the pulsed laser, increases
with increasing laser power density and pulse width. The HCF interaction layer depth, which is
independent of laser power density, increases with laser pulse width. Under the HCF condition of
6 ms heating, the interaction depth is about 0.15 mm. The temperature profiles generated by the
pulsed laser under a peak heat flux of 4.95 MW/m?2 are illustrated in Fig. 2. This temperature
fluctuation induces high-frequency cyclic stresses on the coating surface, with the predicted HCF
stress amplitude of about 100 MPaat 4.95 MW/m?2 [14 | as shown in Fig. 3. The dashed line in
Fig. 3 represents the ceramic surface stress at the average steady state surface temperatures under
the corresponding average heat flux 0.323 MW/m2,
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Fig.2 Predicted temperature profiles generated by pulsed laser heating (pulse width 6 ms).
Under the HCF condition of 6 ms heating, the interaction depth with a considerable
temperature swing is about 0.15 mm (dashed line represents the time-averaged surface
temperature).
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Fig. 3 Predicted stress distributions in the ceramic coating under pulsed laser heating
conditions. The overall stressis the summation of the thermal stress and residual stress
in the coating system (the compressive residual stressin the ceramic coating is assumed
to be about 27 MPa after processing). Besides a constant stress gradient generated by
the steady state heating, high frequency HCF cyclic stresses are present near the ceramic
coating surface. (a) Stress distributions in the ceramic coating; (b) HCF cyclic stress
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EXPERIMENTAL RESULTS

Surface cracking was observed for al specimens which were tested to a total heating time
of 256 hours. Compared to the pure LCF tested specimen, the combined LCF/HCF tests
produced higher crack densities. At the angle iron corners, nearly parallel cracks which run across
the corners were formed. In contrast, equiaxial crack networks were generated by the laser tests a
the rectangular specimen surfaces. At the edges of the rectangular specimens, paralld cracks
similar to those found on the angle iron corners were observed with crack direction perpendicular
to the edges. The general features of the fatigue cracking in the coating, however, are similar for
both specimen configurations. The previous work has reported [10. 13 that the HCF component
can initiate laterd crack branching and multiple delaminations under HCF bending moments
along the inter-splat planes of weakness. Fig. 4 shows typical micrographs of the crack
morphologies in the ceramic coating after the combined LCF/HCF testing. The HCF thermal
loads resulted in severe surface damage. The deep vertical crack also induced laterd crack
branching and delamination near the ceramic/bond interface.

Surface crack growth rates (the crack growth rates from the surface towards the interface)
for the ceramic coatings under both LCF and LCF/HCF test conditions have been determined by
measuring various crack lengths observed in single specimens after each test. Statitical analysis
has been used to compare these results. As shown in Fig. 5, the measured crack length in the
ceramic coating system increases with the LCF cycle number and surface temperature. The HCF
component tends to increase the overall coating crack length, especially when crack branching is
considered. It seemsthat the fatigue crack growth rate in the ceramic coating strongly depends on
the characteristic HCF cycle number, Nj,cr, which is defined as HCF cycle numbers per LCF
cycle. As can be seen in Fig. 6, the average fatigue crack growth rate, based on crack depth in the

coating, increases with the characteristic HCF cycle number. The crack growth rate is increased
from 0.36 um/LCF cycle for a pure LCF test (N*HCF:O) to 1.8 um/LCF cycle for a combined

LCF and HCF test (Njcg =20,000), when the surface temperature T is 850°C. The crack
growth rate is approximately 2.8 um/LCF cycle when the surface temperature Ty is 950°C. The
increased crack growth rate in the ceramic coating with characteristic cycle number may be
attributed to the pure HCF interaction effect and increased sintering effect due to longer heating
cycle or higher temperature. In the separate therma shock tests which simulate the pure HCF
process with an interaction depth of 0.3 mm, the crack growth rates were about 0.18 um/HCF
cycle and 0.02 um/HCF cycle for the temperature swings of 750°C and 420°C, respectively.
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Fig.4 Micrographs of the ceramic coating on the angle iron after the combined LCF and HCF
testing (surface temperature 950°C, 30 minute heating and 6 minute cooling cycle, 510
LCF cycles and 10x10° HCF cycles). () SEM micrograph showing surface crack
morphology; (b) and (c) Optical micrographs of the cross-section of the coating
showing the severely damaged surface region, and the crack propagation and
delamination at the ceramic/bond coat interface.
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Fig.4 (Continued) Micrographs of the ceramic coating on the angle iron after the combined
LCF and HCF testing (surface temperature 950°C, 30 minute heating and 6 minute
cooling cycle, 510 LCF cycles and 10x10° HCF cycles). (@) SEM micrograph
showing surface crack morphology; (b) and (c) Optical micrographs of the cross-
section of the coating showing the severely damaged surface region, and the crack
propagation and delamination at the ceramic/bond coat interface.
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Fig.4 (Continued) Micrographs of the ceramic coating on the angle iron after the combined
LCF and HCF testing (surface temperature 950°C, 30 minute heating and 6 minute
cooling cycle, 510 LCF cycles and 10x10° HCF cycles). (@) SEM micrograph
showing surface crack morphology; (b) and (c) Optical micrographs of the cross-
section of the coating showing the severely damaged surface region, and the crack
propagation and delamination at the ceramic/bond coat interface.
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DISCUSSION

The experiments demonstrate strong interactions between LCF, HCF and ceramic coating
creep. Itis known that in plasma-sprayed ZrO,-Y ;O3 ceramic coatings, the primary creep stage
is significant due to the porous and microcracked nature of these coatings >/ . This creep
behavior is probably related to stress-enhanced ceramic sintering, splat diding, and the stress
redistribution around the splats and microcracks. The time and stress-dependent deformation can

result in coating shrinkage and thus stress relaxation a temperature under the compressive
stresses. The strain rate &, can be generaly written as

0 Qo

i-1
p = AP RTD%Uth Ll Ve

g s 1)

where éip and epi 1 are the creep strain rate at time t;, and the total accumulated strain a the
previoustime step t;_q, respectively, A, n and s are constants, Q is the activation energy, T is
temperature, R isthe gas constant, oy, istheinitial thermal stress in the coating, and E, and v,

are the elastic modulus and Poisson's ratio of the ceramic coating. The stress relaxation effect on
the creep strain rate is accounted for by the &' ~1 term in Equation (1). The total creep strain, with

stress relaxation considered in the coating, can thus be expressed as [17]

0 1

O
0 04 Ec(1-n) 0 QOp-sHnHl-v
€y =[0p-[0g "-A @ "0 0O € 2
g0 g’ 1-vc)(1-5) o =i @

For the purpose of demonstration, the modeling for the creep strain and stress calculations
in this paper, has been assumed a coating modulus value representing of the as-processed
coating. The significant change in coating modulus that may be experienced during service will be
addressed in future publications by the present authors (17 Fig. 7 illustrates the modeled coating
creep strains in the ceramic coating as a function of coating depth at various times with different
coating creep constants. It can be seen that the creep behavior of the coating exerts a significant
influence on the shrinkage strains.
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ceramic coating modulus 27.6 GPa, ceramic surface temperature 872°C, n stress
exponent, s time exponent, and Q activation energy). The creep strains will induce
tensile stresses in the coating during cooling.
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The pulsed laser induced temperature swing can generate high compressive stresses that
can result in the coating surface fracture. More importantly, the surface tensile stress, mainly
generated by coating shrinkage due to coating sintering and creep at temperature, could aso
induce cracking during cooling. Fig. 8 shows that for a given heat flux and average surface
temperature, the HCF component will generate a considerably higher creep rate at the coating
surface compared to the pure LCF mode. Since the laser HCF component will promote both
coating surface creep and surface compressive cracking, accelerated crack initiation and higher
surface crack density at the coating surfaces are expected, as confirmed by this experiment.
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Fig. 8 Predicted instantaneous creep strains under LCF and HCF conditions (stress and time
exponents are 0.48 and 0.82 respectively, activation energy 114 KJmol)
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Under the conditions of the low ceramic/metal interfacial temperatures in this study, the
oxidation of bond coat and substrate is not important. The therma expansion mismatch between
the ceramic coating and bond coat is also minimized at the low temperatures even in non-graded
coatings. Therefore, the LCF mechanism in the thick thermal barrier coatingsis closely associated
with the coating sintering and creep at high temperature. These creep strains in the ceramic
coating will lead to atensile stress state during cooling, thus providing the major driving force for
the crack growth under LCF conditions. On the other hand, the HCF is closaly associated with
the cyclic stresses originating from the high frequency temperature fluctuation at the ceramic
coating surface. The HCF thermal loads act on the crack by a wedging mechanism (2 resulti ng
in the continuous crack growth a temperature. As shown in Fig. 9, the HCF stress intensity
factor amplitude predicted by this model increases with increasing the interaction depth and
temperature swing, and decreases with increasing the crack depth. The HCF damage effect also
increases with increasing the thermal expansion coefficient and Y oung's modulus of the ceramic
coating (1211t should be noted that, depending on the coating stress state at high temperature, the
HCF may affect crack propagation far beyond the laser interaction depth. This has been
demonstrated experimentally in pure HCF cycling where high temperature swings were
generated near the surface of the ceramic coating (13 In the present case, the high surface
thermal loads resulted in significantly higher crack growth rate.
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The LCF/HCF interactions are expected to templex. Asillustrated inFig. 10 for the
proposed LCF/HCF mechanisnaternatingHCF and LCFloading at temperature and during
cooling would increase the overall crack growth rate in the combined LCF/HCF tests. The relative
magnitudes othe LCF andHCF components focrack propagation depend on ttme, the
crack length and the crack tip location within the coating, becauséGReand HCF stress
intensity factor amplitudes are expected to vary with these parameters, as disi¢irEsed in the
Appendix. Fig. 11 shows examplestb& LCF stress distributionafter cooling in the coating
system. It can be seen that in general, the tensile stregbesdoating are highest at teerface,
and increase with cycle time. Fig. 12 illustrates the estimated HCF and LCF stress intensity factor
amplitudes as a function a@bating depth avarious times.The resultsindicate that the HCF
dominates initially, especially near the surface region, whehed<CF prevails for longer times
and greater depths. It is also noted that, due tadh@mic-bonctoat elastianismatch the stress
intensity factor amplitudes tend to drop to zero when the crack approaches the ceranimabond
interface because of the relatively stiff bond coat. This asymptotic behavtwe sifessintensity
factor amplitudes nedhe ceramic/bondoat interfacainderthe present.CF andHCF loading
conditions, asshown in Fig. 12, iobtained by invokinghe Zak-Williams singularity at the
interface, using the approach described in literatfire Therefore, the crack will be expected to
deflect along the interface, thus leading to interface delamination under subsequent LCF and HCF
loading. The delaminatiophenomena due teertical cracks in the ceramic coatings have often
been observed in the experime[ﬁ]ts

The thermal LCF an#iCF crackgrowth is alsogreatly influenced by thelCF loading-
unloading processthe HCF cyclic loading and bendingnoments orthe coating could cause
extensive relativedisplacements athe crackwake surfaces, thugenerating extensive crack
branching and multiple delaminations by asperities/detmigact crackingand splat pull-out
bendingmechanismsThe stressesnduced locally by these crackake interactions could also
accelerate thenajor crack propagation eveduring the LCF and HCF unloading stage. The
surface HCF thermal loads will exert profound but detrimental influencéiseocoating thermal
fatigue resistance.
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CONCLUSIONS

This paper presents a detailed analysis concerning mechanisms of fatigue crack initiation
and propagation, and coating delamination under high heat flux thermal cycling conditions. The
coating creep and fatigue interactions are also described based on experimental evidence. The
results obtained from the laser thermal fatigue tests help to better understand the thermal fatigue
processes of the coating system.

It was found that surface cracks in the ceramic coating initiate and propagate continuously
under complex thermal low cycle and high cycle fatigue stresses. Due to the ceramic-bond coat
elastic mismatch, these vertical cracks can deflect aong the ceramic/bond coat interface, thus
eventually leading to coating delamination under subsequent LCF and HCF loading. The failure
mechanism associated with LCF is closdly related to coating sintering and creep a high
temperatures. The creep strains that are developed at high temperature induce tensile stresses in
the ceramic coating during cooling, thus providing the major driving force for the crack growth
under LCF conditions. The failure mechanism associated with HCF is mainly related to the cyclic
stresses originating from the high frequency temperature fluctuation, as described by a surface
wedging process.

The combined LCF/HCF tests tend to generate more severe coating surface cracking,
microspallation and accelerated crack growth, than the pure LCF test. Lateral crack branching and
the ceramic/bond coat interface delamination can also be facilitated by HCF thermal loads, evenin
the absence of severe interfacial oxidation. The increased HCF damage phenomena are attributed
to the enhanced surface sintering and crack initiation, the surface wedging and increased loading-
unloading fatigue damage at crack wake surfaces.

The relative magnitudes of the LCF and HCF components for crack propagation depend
on the time, the crack length and the crack tip location within the ceramic coating. The HCF effect
dominatesinitially, especialy near the surface region, whereas the LCF effect prevails for longer
times and greater depths. The profound interactions between LCF, HCF and ceramic coating
creep are observed from the crack propagation kinetics under various test conditions.
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APPENDIX STRESS INTENSITY FACTOR AMPLITUDES OF THERMAL HIGH
CYCLE FATIGUE AND LOW CYCLE FATIGUE

During a superimposed thermal LCF/HCF testing, the surface vertica crack in the thick
thermal barrier coating can propagate under both L CF and HCF loads. The crack growth rate with
respect to L CF cycle number can be generally expressed as!?

N‘k
Oda m, F m
19l - (aKk + AK dN (A1)
TN o Cy(LK) cF) _([) Co (LK o) "dNpce

where m, C; and C, are constants, Ny is the characterisic HCF number, AK; o and
AK\ycp are stress intengity factor amplitudes of the crack under LCF and HCF loads,
respectively. The stress intensity factor amplitudes are functions of crack geometry, crack length,
stress magnitudes and distributions. It can be seen from Equation (A1) that the crack propagation
rate depends not only on coating properties, but also on LCF and HCF parameters which define
stress states and fatigue mechanisms.

The Low Cycle Fatigue Stress Intensity Factor Amplitude

The mode | stress intensity factor amplitude for LCF crack growth can be generdly
written as 12

DK cr = Yoy oF - oy O/ ) (A2)

where Y is a geometry factor related to the crack configuration, for a surface crack, Y =11215.
Oy, and o o are the thermal stress at temperature and L CF stress during cooling in the coating.
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The compressive thermal stresswill relax extensively with time, especialy near the surface high
stress and temperature region [12.13] |n contrast, the tensile LCF stress, which is associated with
the time dependent, non-elastic strains in the ceramic coating at temperature, will increase with
time. To afirst approximation, the LCF stress under the assumed biaxia stress condition after
cooling can be written as

ILcr :Ep(o-tthvt)Gl_Ec_V (A3)
Cc

where ¢,(oy,,T,t) is the total accumulated creep strain in the ceramic coating, as has been

described previoudly by Equation (2). The bond coat and metal substrate creep is not considered
because of the low temperatures at the interfaces during the thermal fatigue testing. Examples of
L CF stresses as afunction of time and coating depth for a coating system has been illustrated in
Fig. 11. Assuming that the crack does not grow under the compressive thermal stress oy, the
stress intensity will depend primarily on o, cr and the crack length a(i). Therefore, the LCF
crack growth rate will increase with time, because the LCF stress level and the crack length
increase with time.

The estimation of the stress intensity factor amplitude associated with the LCF process is
complex. The LCF stress, which has a considerable distribution across the coating, changes with
time. In addition, the stress intensity factor amplitude of the fatigue crack will significantly deviate
from the surface crack solution when the crack has a comparable length with the coating
thickness, especialy when the crack approaches the ceramic/bond coat interface. The eastic
mismatch at the interface for the vertical crack can be taken into account by invoking the Zak-
Williams singularity to the regular stress intensity factor ¥ . The stress distributions in the
coating on afatigue crack can be considered as distributed wedge forces over the crack, as shown
in Fig. Al. The surface crack stress intensity factor, therefore, can be obtained from an integration
over the crack under these wedge forces[*®! . The LCF stress intensity factor amplitude thus can

be written as
_ 11215(F(a(i), a,B) &M a(i) - x
Biier = NEGETD) D_é[(i) o(x) a(i)+x (A4

where number 1.1215 is the coefficient for a surface crack, o(x) is the stress distribution
function, f(a(i),a,B) is a coefficient describing the interface singularity due to the elastic

mismatch, which depends on the crack length, and Dundurs parameters a and 3. The
coefficient f(a(i),a,B) can be expressed as 18
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o 2 o H2-u ;
f(a(i),ar,ﬁ)zg%g1 %—?g 2+ ?E (A5)

where h isthe coating thickness, A isafitting parameter, u isthe singularity exponent depending
on the elastic mismatch that is the root to the equation

2
cos(urr)—z(i_;ﬁ(l—u)2+ 01{__52 =0 (A6)

For the particular ZrO»-8wt.%Y ,0O3 ceramic coating/FeCrAlY bond coat system, the
parameters in Equations (A5) and (A6) have been calculated @ with Dundurs parameters
a=-0.67, B=-0.25, uis caculated from Equation (A6), and u=0.338. The fitting parameter
A is obtained from the reference [ graphically based on the Dundurs parameters, and
A =-0.07 .

—»>
o(x)
o(x)=0
-a == ———> a P> x
0 Yy \ J
)/
\/
J
>

Fig. A1 Schematic diagram showing the determination of LCF stress intensity factor amplitude
by the integration method for the distributed wedge forces over the crack.
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High Cycle Fatigue Stress Intensity Factor Amplitude

The high cycle fatigue is associated with the cyclic stresses resulting from the high
frequency temperature fluctuation at the ceramic coating surface. This wedging process provides
an intrinsic mechanism for the HCF phenomenon. Since the minimum HCF stress intensity

factor equals zero, the net mode | stress intensity amplitude for this case can be expressed as
[12, 20]

OF(a(i i .
AKjner = 2r (a}fl),a,ﬁ) ’1/+ _fHZC_F(Ig \ TTLA() (A7a)
va(i) -b
and
P=0ncr My (A7b)

where P isaconcentrated load per unit thickness acting on the crack, b istheload acting distance
from the surface which is taken as laser interaction depth in the present study. Note that the
interface singularity coefficient is also incorporated into Equation (7a8). oycr is the HCF stress,
a(i) isthe crack length at theith cycle. fce(i) IS a geometry factor, which can be related to the
crack length a(i) and theinteraction depth b in the following form [2°]

O

O popf ) b O b O
fHCF(l)—éL %E D]é0.2945 0.3912%E +0.7685%E

~0.9942 [@%g +0.5094 [@%gé (A8)

Note from the above that the HCF stress intensity factor amplitude increases, in a linear
manner, with increasing HCF stress o, and, by a more complicated function, with increasing

interaction depth b . The calculations™? from Equation (A7) show that the HCF stress intensity
factor amplitude increases with increasing the laser interaction depth by, the temperature swing
AT, aswell as the thermal expansion coefficient a. and the eastic modulus E; of the ceramic

(mEN|

coating.
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